We used phosphorus nuclear magnetic resonance spectroscopy (31P-NMR) to probe the cellular events in contracting muscle that initiate the reflex stimulation of sympathetic outflow during exercise. In conscious humans, we performed 3"P-NMR on exercising forearm muscle and simultaneously recorded muscle sympathetic nerve activity (MSNA) with microelectrodes in the peroneal nerve to determine if the activation of MSNA is coupled to muscle pH, an index of glycolysis, or to the concentrations (0) of inorganic phosphate (Pi) and adenosine diphosphate (ADP) which are modulators of mitochondrial respiration. During both static and rhythmic handgrip, the onset of sympathetic activation in resting muscle coincided with the development of cellular acidification in active muscle. Furthermore, increases in MSNA were correlated closely with decreases in intracellular pH but dissociated from changes in phosphocreatine (IPCrI), [Pi], and [ADPI. The principal new conclusion is that activation of muscle sympathetic outflow during exercise in humans is coupled to the cellular accumulation of protons in contracting muscle.
Introduction
Although many of the cardiovascular adjustments during ex- ercise are mediated by the sympathetic nervous system, the precise mechanisms that regulate sympathetic outflow during exercise are still unknown. Two principal theories have been proposed. The first is that the central command signal from the rostral brain that initiates voluntary muscle contraction also projects to autonomic circuits in the brainstem to cause parallel activation of motor and sympathetic neurons (1) . The second theory is that sympathetic excitation is triggered by a somatic reflex arising in the contracting skeletal muscle (2, 3) . Although there is experimental support for both theories, this report focuses only on the reflex mechanism because recent technological advances have improved our ability to test this theory in conscious humans.
There is increasing evidence that the reflex stimulation of sympathetic outflow by muscle contraction is mediated in part A preliminary report of this work was presented at the Annual Scientific Sessions of the American Heart Association (Victor, R. G., et al. 1987 . Circulation. 76:IV-6 1).
Address reprint requests to Dr. Victor, Cardiology Division, UT Southwestern Medical Center, 5323 Harry Hines Blvd., Dallas by local metabolites acting on thin fiber muscle afferent nerve endings (4, 5) . Although the discharge of these chemosensitive afferents is thought to signal the brain of a mismatch between muscle blood flow and metabolism (6) , little is known about the specific metabolic events that are involved.
Oxidative phosphorylation and glycolysis are the primary pathways for the production of high-energy phosphates in mammalian skeletal muscle. The goal of this study, therefore, was to determine whether the stimulation of sympathetic outflow during exercise is coupled either to the production of inorganic phosphate (Pi)' and ADP, which are regulators of mitochondrial respiration in working muscle, or to muscle cell pH, an index of glycolysis. To test these possibilities, we monitored cellular high energy phosphates and pH in exercising forearm muscle with 31p nuclear magnetic resonance (NMR) spectroscopy and simultaneously recorded sympathetic nerve discharge to resting leg muscle with intraneural microelectrodes in conscious humans.
Methods
11 healthy volunteers (eight men and three women), aged 24-37 yr, participated in this study after providing informed written consent. The experimental protocol was approved by the Institutional Review Board for human investigation. All subjects were normotensive (arterial pressure < 140/90 mmHg), were taking no medications, and had no evidence ofcardiopulmonary diseases on history or physical examination.
Subjects were studied in the supine position with the left arm placed in a 30-cm horizontal bore 1. (12) . pH was used as an index of glycolysis.
Multiunit recordings of postganglionic sympathetic nerve activity were obtained with unipolar tungsten microelectrodes inserted into muscle nerve fascicles of the right peroneal nerve posterior to the fibular head by microneurography (13) . The neural signals were amplified, filtered (bandwidth of 700-2,000 Hz), rectified, and integrated to obtain a mean voltage display of muscle sympathetic nerve activity (MSNA). A recording of MSNA was considered acceptable when the neurograms revealed spontaneous, pulse-synchronous bursts that increased during the Valsalva maneuver, but not during arousal stimuli (loud noise, skin pinch). Sympathetic bursts were identified by inspection ofthe filtered and mean voltage neurograms. The NMR radiofrequency pulses produced spike artifacts on the neurograms at a rate of one every 2.5 s; the neural recordings were transcribed from FM tape to hardcopy at a rapid paper speed so that these artifacts could be excluded from the analysis ofnerve traffic. The neurograms and NMR spectra were analyzed independently.
In seven subjects, we succeeded in obtaining NMR spectra and sympathetic nerve recordings simultaneously as well as measurements of arterial pressure and heart rate (Dinamap oscillometric sphygmomanometer, Critikon Inc., Tampa, FL) during both static and rhythmic handgrip. Static exercise was performed using a handgrip dynamometer in the magnet for 2 min at 30% of maximal voluntary contraction (MVC). The rhythmic protocol lasted 4 min and was incremental: intermittent contractions (_ 1 Hz) for 2 min at 30% MVC followed immediately by an additional 2 min at 50% MVC. Static and rhythmic modes of contraction were used because both would stimulate muscle oxygen demand, whereas only the static contraction should limit oxygen delivery due to a sustained mechanical hindrance to muscle blood flow. Immediately after both the static and the rhythmic exercise periods, the circulation to forearm was arrested by inflating a pneumatic cuffto suprasystolic pressure for an additional 2 min; the goal was to trap local metabolites in the vicinity of the muscle afferents while eliminating central command.
In four additional subjects, we examined responses to 2 min of forearm ischemia alone without preceding exercise. tained, but heart rate returned rapidly to control (Tables I  and II) .
Resting forearm ischemia alone (2 min) had no effect on
, pH, MSNA, arterial pressure, or heart rate.
None of these interventions significantly altered [ATP] .
Discussion
The data herein represent the first simultaneous determinations of cellular high-energy phosphates and pH in exercising human skeletal muscle with 31P-NMR spectroscopy and of sympathetic nerve discharge with microneurography. The principal new conclusion is that activation of sympathetic discharge to nonexercising muscle is coupled to the cellular accumulation of protons in the contracting muscle. Another important new finding is that MSNA rose during the rhythmic handgrip at 50% MVC. This observation might, at first glance, appear to differ importantly from previously reported findings (15). However, in the previous study, 2 min of rhythmic handgrip at 50% MVC were preceded by rest; whereas, in the present study, this level of exercise was immediately preceded by 2 min of handgrip at 30% MVC. Thus, it is not surprising that the sympathetic responses were different in the two studies because the exercise stimulus was not the same. Indeed, the incremental protocol was designed specifically to increase the preexisting rate ofmuscle metabolism upon which the response to rhythmic handgrip at 50% MVC was superimposed.
In this regard, several observations indicate that the stimulation of MSNA evoked by incremental rhythmic handgrip (18) and caused reflex increases in arterial pressure and heart rate (19) . In conscious dogs, the arterial pressure response to progressive muscle ischemia during exercise was highly correlated with venous effluent pH (20) . Taken finding because previous observations had suggested that chemosensitive muscle afferents might be activated by some ofthe same metabolites that stimulate mitochondrial respiration (21). For example, during large muscle dynamic exercise, heart rate and cardiac output consistently increase in direct proportion to increases in total body oxygen consumption (22, 23) . Furthermore, uncoupling of mitochondrial respiration from phosphorylation with dinitrophenol in anesthetized dogs has produced increases in heart rate and cardiac output of comparable magnitude to the increases that normally accompany the stimulation of oxygen consumption produced by actual muscle contraction (24 
